MicroRNAs (miRNAs) inhibit the translation of target mRNAs and affect, directly or indirectly, the expression of a large portion of the protein-coding genes. This study focuses on miRNAs that are expressed in the mouse cochlea and vestibule, the 2 inner ear compartments. A conditional knock-out mouse for Dicer1 demonstrated that miRNAs are crucial for postnatal survival of functional hair cells of the inner ear. We identified miRNAs that have a role in the vertebrate developing inner ear by combining miRNA transcriptome analysis, spatial and temporal expression patterns, and bioinformatics. Microarrays revealed similar miRNA profiles in newborn-mouse whole cochleae and vestibules, but different temporal and spatial expression patterns of six miRNAs (miR-15a, miR-18a, miR-30b, miR-99a, miR-182, and miR-199a) may reflect their roles. Two of these miRNAs, miR-15a-1 and miR-18a, were also shown to be crucial for zebrafish inner ear development and morphogenesis. To suggest putative target mRNAs whose translation may be inhibited by selected miRNAs, we combined bioinformatics-based predictions and mRNA expression data. Finally, we present indirect evidence that Slc12a2, Cldn12, and Bdnf mRNAs may be targets for miR-15a. Our data support the hypothesis that inner ear tissue differentiation and maintenance are regulated and controlled by conserved sets of cell-specific miRNAs in both mouse and zebrafish.
T
he inner ear is one of the most complex tiny organs in the vertebrate body and is responsible for both hearing and balance. The mammalian cochlear labyrinth is a coiled duct, containing 1 sensory epithelium (SE), referred to as the organ of Corti. The mammalian vestibular SE is comprised of 3 cristae and 2 otolith organs (maculae), the saccule, and the utricle. In both the cochlea and the vestibule, SE is composed of mechanosensory hair cells (HCs) submerged in a matrix of nonsensory supporting cells (SC). All HCs contain actin elongations, named stereocilia, which are responsible for mechanoelectrical transduction to provide an electrical signal that is transferred to the brain. Nevertheless, auditory and vestibular HCs have morphological and physiological differences (1) . Interestingly enough, in mammals, cochlear HCs are unable to regenerate but a limited amount of HC regeneration may occur in the vestibular SE (2, 3) .
Hereditary deafness and vestibular dysfunction often involve inner ear developmental defects or degeneration of the sensory neuroepithelial HCs. While over 100 loci have been mapped and 44 protein-coding genes with mutations have been cloned (Hereditary Hearing Loss Homepage; http://webh01.ua.ac.be/hhh/), many cases of hereditary hearing loss remain a mystery. Approximately 98% of RNAs in mammalian cells do not code for proteins and epigenetic factors are associated with hearing loss (4) , raising the possibility that noncoding RNAs, such as microRNAs (miRNAs), may also be involved in inner ear development and hearing loss. miRNAs are 17 to 25 nt RNAs produced from stem-loop precursors (pre-miRNAs) that are encoded by miR genes (also known as Mirn genes). miRNAs were recently discovered as a major form of regulation in the cell and associated with many developmental processes and diseases (5) . Hundreds of animal miR genes have been discovered and their sequences are listed in the miRBase database (6) . The most understood functions of mature miRNAs in animals are translational suppression of mRNAs with imperfect complementary sequences in their 3Ј untranslated region (3ЈUTR) and cleavage of mRNAs with a perfect match (7) . It has been suggested that at least 60% of the vertebrate protein-coding genes is directly regulated by miRNAs (8, 9) , and that miRNAs affect, directly or indirectly, virtually all cellular and organismal processes. miRNAs are differentially expressed in different tissues (10) and a triad of miRNAs (miR-183, miR-96, and miR-182), clustered within 4 kb and transcribed in the order shown, is expressed specifically in the mechanosensory HCs in the vertebrate inner ear (11, 12) . In parallel to our study, 2 other groups linked point mutations in the seed region of the Mirn96 gene with hearing loss in both human and mouse (13, 14) . In addition, a conditional knockout of Dicer mainly in the brain and the early otic placode, under the control of the Pax2 promoter, led to abnormal development and innervation of the inner ear and to death prior to birth (15) .
To study the roles of inner ear SE miRNAs, we conditionally knocked out Dicer only in the inner ear SE hair and SCs after their normal differentiation from progenitor cells. Our study demonstrates that Dicer activity is required for the survival of normal and functional HCs in the cochlear SE. Removal of Dicer from the SE, which initially develops normally, causes abnormal growth and subsequent degeneration of HCs, leading to deafness. We also provide Tables S1-S5 of miRNAs that are newly predicted to have a role in the mammalian inner ear SE. Antisense morpholino experiments in zebrafish reveal that silencing of miR-15a-1 and miR-18a leads to loss of mechanosensory HCs, as well as other inner ear defects. Therefore, miRNAs have an essential role in inner ear development and function.
Using mice that express Cre downstream to the Pou4f3 promoter (21) and Dicer flox/flox mice (18), we created a mutant Dicer-PCKO (Pou4f3-Cre induced Conditional Knock-Out) mouse in which the Dicer1 gene is conditionally knocked out in the inner ear HCs. In the postnatal day 6 (P6) mouse inner ear, Pou4f3-Cre is expressed in both HCs and some of the SCs in the cochlear SE, and only in HCs in the vestibule (21) . The Pou4f3-Cre is expressed in many organs in addition to the inner ear as well (D. Vetter, unpublished work), and Dicer-PCKO mice had many defects in addition to inner ear defects (see SI Results and Discussion and Fig. 1A and Fig. S1) ; here, we focus on the inner ear phenotype. Auditory brainstem responses (ABR) confirmed that at 38 days Dicer-PCKO mice are deaf, with no response to auditory stimuli (Fig. 1B) . On the other hand, the mice exhibited a mild vestibular phenotype, with a partial reaching response and no circling behavior.
The Pou4f3 promoter is known to be expressed from embryonic day 12.5 (E12.5) in the mouse vestibule and from E14.5 in the mouse cochlea (22) . The cochlear SE, the organ of Corti, is illustrated in Fig. 1C . The Dicer-PCKO inner ear SE exhibited normal morphology at E18 (data not shown) and P0 ( Fig. 1 D and  E) . Because there was no abnormal phenotype at P0, inner ears were examined after maturation. At P38, some of the cochlear HCs had an aberrant shape and myosin VI expression (a HC marker) was lost ( Fig. 1 F-I ). The severity of the HC phenotype varied longitudinally along the cochlea, with HCs in the base showing more severe malformations than those in the apex. At the same time, in the vestibular maculae, myosin VI-expressing HCs still existed (data not shown). Inner ear HCs have specialized organized stereocilia that are crucial for mechanotransduction (23) . Scanning electron microscopy at P38 revealed that in the cochlea, many HCs lost their stereocilia, and the apical surfaces of residual inner and outer HCs became uniformly rounded and visibly reduced. In other cases, HCs displayed disorganized bundles of thin, microvilli-like stereocilia of uniform length, and sometimes adjacent stereocilia fused together to form giant protrusions ( Fig. 1 J-N) . In the vestibule, HCs were present and still had stereocilia, although these stereocilia were abnormally organized or fused together, which correlated with the partially preserved vestibular function (data not shown). Microarray scanning of small (Ͻ40 nt) RNAs isolated from newborn (P0) mouse cochleae and vestibules detected 105 miRNAs expressed in the cochlea and 114 miRNAs expressed in the vestibule, with average intensities higher than twice the global background, out of 206 included in the arrays ( Fig. 2A and Table S1 ). Only 24 miRNAs were found to have different levels of expression in these whole organs, and these differences were mild (15-40%) (Fig. 2B) . Two complementary approaches were used to choose candidate miRNAs predicted to be expressed specifically in the inner ear SE. To identify miRNAs that may be expressed in inner ear SE we searched for miR genes in introns of mouse proteincoding genes that are expressed in the cochlear and vestibular SE at P2. These miR genes may be transcribed together with the hosting protein-coding gene, using the same promoter (see SI Results and Discussion and Table S2 ). To identify miRNAs that may be hearing-related, we looked for miR genes in chromosomal loci that were linked with nonsyndromic hereditary hearing loss in humans, but their responsible genes have not been identified yet (see SI Results and Discussion and Table S3 ). The intersection between miRNA microarray results and list of predictions is shown ( Fig. 2C and Tables S4 and S5 ). Because the microarrays contained probes for only 206 miRNAs, while the input for predictions included 488 known mouse miR genes [miRBase release 12.0, September 2008 (6)], at least half of the predicted miRNAs may not be included in the microarray results. miRNAs that are expressed in the whole inner ear according to microarrays and are predicted to be expressed in the SE and to be hearing-related are proposed candidates for further study.
Expression Patterns of Selected miRNAs in the WT Mouse Inner Ear.
Five miRNAs that are similarly expressed in whole P0 cochleae and vestibules and have orthologues in zebrafish were selected for further study. They are listed from the most abundant to the less abundant expression in P0 mouse inner ears: miR-199a, miR-30b, miR-18a, miR-15a, and miR-99a. While miR-199a was one of the highest expressed (together with the other miR-199a-2 cluster member, miR-214), miR-99a had a very low or no expression in the mouse inner ear, according to microarray data. miR-15a and miR-199a were predicted to be expressed in inner ear SE and their genes are included in human deafness-related loci (see Tables S2  and S3 ). miR-182 expression was used as a positive control, as it is known to be expressed specifically in vertebrate inner ear HCs (11, 12) . The miRNAs evaluated in detail have a similar global level in whole cochleae and vestibules, according to microarray results. miRNAs that are most highly expressed in the inner ear before it is functional may have a specific role in its development. The newborn-mouse inner ear is not yet functional, while at P30 the mouse inner ear is fully developed and miRNAs that are highly expressed at this age may participate in its survival and maintenance. Quantitative real time RT-PCR (qRT-PCR) detected a gradual change in expression for most of the studied miRNAs during inner ear development from E16.5 to P30. miR-182 and miR-199a were specifically expressed in the inner ear and very low in the brain, and presented a similar expression pattern during inner ear development, with highest expression at P0. miRNAs 99a, 15a, 18a, and 30b were expressed at lower levels in the inner ear as compared to the P0 brain at most time-points. For most time-points and miRNAs, the cochlear and vestibular expression levels were similar, but some exceptions were detected (Fig. S2) . In situ hybridization (ISH) suggested differences in miRNA functions at P0 because they differed in their spatial expression patterns in the inner ear (Fig. 3) . miR-182 is specifically expressed in HCs of the cochlear and vestibular SE, as well as in the spiral ganglion (see Fig.  3C ) (11) . miRNAs 15a, 30b, and 99a were expressed in both SCs and HCs in the cochlear SE, as well as in the spiral ganglion neurons and the basilar membrane (see Fig. 3 D and E) . However, in the vestibular SE, their expression was restricted to HCs only (see Fig.   Fig. 2 . Identification of miRNAs expressed differentially in the auditory and vestibular organs in newborn mice. (A) Scatter-plot representation of the distribution of miRNAs expressed in P0 mouse vestibule versus cochlea. Results were averaged from 3 individual arrays, including 8 to 12 spots per each miRNA. Only miRNAs with an average intensity higher than twice the global background intensity, at least in 1 of the organs, are plotted (for details, see Table S1 ). miRNAs that are over-expressed in the vestibule (triangles) or cochlea (squares) by at least 15% than their expected expression, according to the linear regression of all expressed miRNAs, are labeled. 3 D and F). Most interesting, miR-199a and miR-99a expression patterns are mirrored. Almost all cochlear cells, including those of the modiolus, expressed miR-199a, except for the SE and the other cells surrounding the scala media. In the vestibule, miR-199a was not expressed in SE, neither in HCs nor the SCs at their basal side. miR-99a was expressed in almost all cell types in the cochlea, but mainly in the cells surrounding the scala media (not only in HCs), the basilar membrane, and the spiral ganglion. In the vestibule, miR-99a was expressed mainly in HCs (but not in the basilar SCs). miR-18a had a similar expression pattern to miR-99a, but its expression in the spiral ganglion neurons was much more prominent, and in the vestibular SE it was expressed in both HCs and SCs (see Fig. 3 D and F) . The ISH specificity was confirmed by the nonidentical hybridization of miR-15a and miR-99a probes, which differ in only 2 bases, whose cochlear expression patterns are different.
Zebrafish Inner Ear Development Is Dependent on miR-15a-1 and miR-18a. The zebrafish provides a useful and robust model for functional analysis of individual miRNAs and their conserved roles in vertebrates (24, 25) . The zebrafish inner ear resembles the mammalian vestibule and was chosen to evaluate the contribution of miRNAs 15a-1 and 18a to HC and otic development. At 48 h postfertilization (hpf), canal pillars protrude into the otocyst and will fuse to create the 3 semicircular canals (26) . At this stage, the maculae of the saccule (hearing) and utricle (balance) have Ϸ20 HCs, while the 3 cristae (angular acceleration) have 1 to 4 HCs each (27) . At 48 hpf, miR-15a and miR-18a are expressed throughout the head, as reported previously for 72-hpf fish (12); after sectioning the signals are particularly strong in the otocysts (Fig. 4A) . The rapid development of the inner ear in zebrafish embryos enables antisense-based silencing of individual miRNAs following injection of morpholinos (MOs) into 1-celled embryos (Fig. S3) . Reductions of the targeted miRNAs, miR-15a-1 and miR-18a, were confirmed by ISH with specific probes at 30 hpf (Figs. S4 and S5) . Treatment with at least 2 distinct MOs against each miRNA resulted in similar defects in overall otic morphogenesis, with a third morpholino to pre-miRNA sequences showing reduced ability to phenocopy (Figs. S4-S6 ). miR-15a-1 morphants lacked canal pillars, and the otoliths that rest above each sensory macula were often abnormal, being small, extra, fused, or untethered to a macula (see Fig. 4B and Fig. S4 ). miR-18a morphants consistently showed small or missing anterior otoliths (see Fig. 4B and Fig. S5 ), although the initial pair of anterior (and posterior) HCs that tether each otolith were present and normally differentiated at 30 hpf (Fig. 4D) . At 54 to 56 hpf, both miR-15a-1 and miR-18a morphants had significantly reduced numbers of lateral line neuromasts and mechanosensory HCs (see Fig. 4C and Table S6 ). The spatial organization of sensory organs, the statoacoustic ganglion, and some other cranial ganglia were impaired to varying degrees in both classes of morphants (see Fig. S6 C-E) . For more details, see SI Results and Discussion.
Potential Targets of Inner Ear miRNAs in Mice. miRNAs downregulate the stability and translation of target mRNAs that contain a complementary sequence to the miRNA seed (nucleotides 2-8 of the miRNA) in their 3Ј UTR. The unique expression pattern of each miRNA may be used for searching for its targets. To suggest target mRNAs for miRNAs that are expressed in the newbornmouse inner ear SE (miRNAs 15a, 18a, 30b, and 99a) (see Fig. 3 ), we looked for predicted targets, based on 3 Web-based target prediction algorithms: TargetScan (28), miRanda (29) , and PicTar (30) , and intersected the predictions with information regarding the expression of these putative targets in inner ear SE at P2 (see Tables  S7-S10 ). To identify biologically relevant targets for miR-15a, 3 putative targets that are expressed in the inner ear SE (as mRNAs) were selected: Slc12a2/Nkcc1, Cldn12, and Bdnf (details in SI Results and Discussion). For example, claudin 12 protein was detected in P0 cochlear HCs, which also express miR-15a. In the P0 vestibule, claudin 12 was detected only in SCs that do not express miR-15a, but not in vestibular HCs that express this miRNA (Fig.  5A) . While the 3Ј-UTR of Slc12a2 mRNA contains 2 putative binding sites for miR-15a, Cldn12 and Bdnf 3Ј-UTRs contain a single binding site for this miRNA. The dual luciferase assay confirmed that miR-15a can inhibit the expression of a gene upstream to Ϸ1kb 3Ј-UTR fragments surrounding these 4 miR-15a binding sites (Fig. 5B) and that miR-15a can reduce the translation of Slc12a2, Cldn12, and Bdnf mRNAs when each is coexpressed with this miRNA. miRNAs during their differentiation by a conditional knockout of Dicer1, degeneration of HCs, hair-bundle malformations, and subsequent hearing loss were observed several weeks later. Pou4f3 expression in the mouse inner ear HCs begins 6.5 to 8.5 days before birth (22) , suggesting that the Pou4f3-promoter-induced knockout of Dicer1 should initiate at this time. Yet the Dicer-PCKO mice exhibited no HC phenotypes through the day of birth, perhaps because residual Dicer1 and mature miRNAs before onset of Cre expression may still be active for a short period. Alternatively, the regulation of key miR targets may be minimal during early differentiation events but more essential during later phases of HC maturation, perhaps to mediate stereociliary stabilization and HC survival. miRNAs were found to be required for the survival of neuronal tissues, including forebrain cortical neurons (31), postmitotic cerebellar Purkinje cells (32) , and midbrain dopaminergic neurons (33) in mice, when Dicer1 was knocked out conditionally in these cells. Similarly, a reduction in miRNAs may induce apoptosis in neurosensory HCs in our Dicer-PCKO mice, causing them to die prematurely.
The cochlear and vestibular HCs may differ in their sensitivity to miRNA loss, as a faster deterioration of the cochlear HCs occurred, although Pou4f3 is expressed in vestibular HCs 2 days before its onset in cochlear HCs (22) . The massive loss of cochlear stereocilia and the milder vestibular phenotype at P38 may explain why these mice are deaf but do not suffer from significant vestibular symptoms. The more severe cochlear phenotype may be because of the fact that after birth, Pou4f3-Cre is expressed only in HCs in the vestibule, but in both HCs and some SCs in the cochlea (21) . Thus, miRNAs in SE SCs may be more important for survival of functional HCs than miRNAs in the HCs themselves. The P38 cochleae of our mutant mice exhibited a gradient phenotype, when HCs in the cochlea base were more deformed than in the apex. This finding correlates with the published observation of a graded expression of miR-182 from the base to apex in mouse cochlear HCs, with highest expression at the base (11) .
We aimed at identifying the repertoire of miRNAs expressed in the auditory and vestibular systems of the inner ear. From the over 100 miRNAs detected in the cells of these inner ear compartments, a subset was chosen for further evaluation. miRNAs were found to be expressed differentially in diverse cells, suggesting they have cell-specific regulatory roles. For example, miR-182 is expressed only in cells that do not express miR-199a. miR-99a is expressed in the SCs of cochlear but not vestibular SE. Interestingly, we found 2 miRNAs, miR-99a and miR-199a, with a complementary pattern of expression in P0 mouse inner ears, suggesting that they may participate in a negative feedback loop to down-regulate each other. An indirect mechanism, via down-regulated target mRNAs, appears most plausible for such an interaction.
miRNA levels in the mouse inner ear change during development, as was previously shown (11) , suggesting that the roles of these miRNAs are specific to particular development stages. We were unique in comparing temporal expression of selected miRNAs in separated cochleae and vestibules from embryonic to fully developed inner ears. Both vestibular and cochlear expression of an miRNA may be similar at certain time-points and different at others, suggesting they regulate diverse targets and are thus responsible for distinctive functions (e.g., miR-30b, miR-99a).
What targets do miRNAs control in the inner ear? Our data suggests that Slc12a2, Cldn12, and Bdnf, all proteins known for their essential function in the inner ear, are genuine targets of miR-15a. Our target-prediction approach is supported by a report describing miR-30a-5p that has an identical seed sequence to miR-30b as down-regulating Bdnf mRNA in the human prefrontal brain cortex (34) . Interestingly, both the mRNAs and proteins of Bdnf and Cldn12 are highly expressed in the newborn-mouse cochlear HCs that express miR-15a as well, while the luciferase assay in proliferating (HEK-293) cells showed that miR-15a inhibits the translation of these mRNAs when they are coexpressed. However, the HCs in the postnatal cochleae are differentiated and held in mitotic arrest (i.e., quiescent). Two recent studies proposed that while miRNAs inhibit the translation of their target mRNAs in proliferating cells, in quiescent cells they have the reverse effect and may up-regulate the translation of the same targets (35, 36) . This may indeed be the case in quiescent auditory and vestibular HCs.
The mutant-mouse phenotype and identity of subsequent miRNAs found to differ in their expression between auditory and vestibular cells, such as miR-99a, suggest that differences in control rendered by miRNAs may provide fine-tuning of regulation of protein translation in the many cell types of the inner ear.
Taking all these results into account, how do miRNAs regulate HC growth and maintenance? Studies from other systems can serve as a guide to decipher the functions in the inner ear of the miRNAs that we identified in the current screen. Some of these are upregulated in cancer and may induce proliferation and angiogenesis [e.g., miR-18a (37)], while others are down-regulated following exposure to carcinogens [miR-99a (38) and miR-199a (39)]. miR-15a is known to have anticarcinogenic and apoptotic effects The dual luciferase assay was used to measure the ability of miR-15a to reduce the expression of the firefly luciferase gene that is located upstream to putative target 3Ј UTRs. Fragments of about 1 kb around miR-15a binding sites from Slc12a2, Bdnf, and Cldn12 3Ј-UTRs were cloned into pGL3 plasmids, downstream to firefly luciferase cDNA, and luciferase activity was measured in transiently transfected HEK-293T cells. (Top) Illustrations of the 3Ј-UTR fragments cloned into pGL3 plasmids. Base numbers of beginning and end of each cloned fragment are presented for Slc12a2 (NM009194), Cldn12 (NM022890), and Bdnf (NM007540) mRNAs. Binding sites for miR-15a labeled dark green. (Bottom) Relative luciferase activity in cells in the absence or presence of miR-15a. Cells were cotransfected with pRL-TK plasmids that include the renilla luciferase gene, and relative firefly/renilla luciferase activity is presented. (40) . Recently, miR-15a has been linked to pancreas regeneration (41) . A knockout of the miR-199a-2 cluster affected normal musculoskeletal development and growth (42) .
Our work is unique in demonstrating that miRNAs are essential for the development and survival of sensory HCs in the vertebrate inner ear. Moreover, we identified many miRNAs that may have a role in the vertebrate developing inner ear, in addition to the previously known miR-182 cluster (11, 12) , by combining miRNA transcriptome analysis, spatial and temporal expression patterns, and bioinformatics. Indeed, 2 of these miRNAs were confirmed to be essential for normal morphogenesis of the zebrafish inner ear. We provide Tables S1-S5 with the many additional miRNAs whose role in the inner ear deserves further study. Some of these may be responsible for differences between the cells of the hearing and balance systems, such as miR-211, expressed in vestibular SE but not in comparable cells in the cochlea. The comparison of organand cell-specific miRNAs will help to further define the fine-tuning of regulation and expression in the inner ear. Assays for Inner Ear Phenotype in Mice. ABR thresholds for click (Ϸ4 kHz) and 8 kHz stimuli were measured to assess mouse hearing (control, n ϭ 3; Dicer-PCKO, n ϭ 3). Paraffin sections of inner ears were analyzed by H&E staining, immunohistochemistry (antibodies listed in SI Materials and Methods), and scanning electron microscopy, as previously described (43) .
Materials and Methods

Generation
miRNA Microarrays and qRT-PCR. Microarrays were printed in-house with the mirVana miRNA Probe Set version 1 and hybridized with labeled cochlea and vestibule RNA samples. For qRT-PCR, specific miRNAs or U6B RNA (as endogenous control) were reverse transcribed from Ͻ200 nt RNA fractions, and their expression was measured using the TaqMan MicroRNA kits and the ABI Prism 7000 or 7900 PCR machine (Applied Biosystems).
In Situ Hybridization of miRNAs. At least 3 independent ISH experiments were performed with each probe, and at least 4 inner ears were included in each experiment. ISH was performed using antisense 3Ј-digoxygenin (DIG)-labeled miRCURY LNA Detection probes (Exiqon) and anti-DIG-AP (alkaline phosphatase conjugated) antibodies (44) . Mouse inner ears and zebrafish embryos were cryosectioned to 8-to 10-and 30-m sections, respectively. MO Injections to Zebrafish Embryos and Phenotypic Evaluation. All protocols were approved by the Purdue University Animal Care and Use Committee.
Dual Luciferase Assay. Fragments of Ϸ1 kb from the 3Ј-UTRs of Slc12a2, Cldn12, and Bdnf mRNAs were cloned into the pGL3 Luciferase Reporter Vector (Promega) as 3ЈUTRs of the firefly luciferase cDNA. miR-15a vector was provided by R. Agami (45) . Three experiments were performed, each in triplicate.
Further details of the methods used may be found in the SI Materials and Methods.
